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ABSTRACT
Kiraz, Mert Sinan Recep M.Sc., Purdue University, May 2018. Marchenko Redatuming and Imaging for Carbon Sequestration Monitoring: Application to the Frio
Experiment. Major Professor: Robert L. Nowack.
The application of Marchenko redatuming and imaging for carbon sequestration
monitoring using both synthetic and observed data from the Frio carbon sequestration
experiment is investigated in this study. The Marchenko approach can be used to
eliminate disturbing eﬀects of overburden structure by placing virtual sources near
target structures in the subsurface for seismic imaging. Two synthetic examples, one
with a simple layered velocity model and one with a velocity model derived from
the ﬁrst arrival travel-times from the Frio carbon sequestration experiment are ﬁrst
investigated. Marchenko redatuming and inversion is then applied to the observed
data from the Frio experiment and compared with traditional vertical seismic proﬁling
(VSP) corridor stacks. Marchenko inversion is also applied near the injection zone to
image the pre- and post-injection data and compared with conventional processing.
In each case, a good agreement was found. Marchenko redatuming and imaging
provides an alternative to conventional VSP processing for monitoring injected CO2
at the target zone and has the potential of providing more consistent and accurate
inversion results of the subsurface.

1

1. INTRODUCTION
Marchenko redatuming and imaging allows one to redatum virtual sources to arbitrary locations in the Earth’s subsurface. This can be used to account for complex
overburden structure, and has the potential of providing enhanced images of the subsurface. The Marchenko approach is based on utilizing focusing functions which can
be obtained from one-sided illumination and also from estimates of ﬁrst arrival times
from the surface to subsurface locations. Once the focusing solutions are obtained,
up- and downgoing components of the Green’s functions can be found and these can
be used to image for structure (Slob et al., 2014; Wapenaar et al., 2012a, 2014a,b).
In 2003, a carbon sequestration experiment was conducted in the Frio oil ﬁeld in
Texas, and vertical seismic proﬁle (VSP) data were acquired with explosive sources
to image subsurface structure and the carbon sequestration injection zone. In Chapter 2, a description of the Frio carbon sequestration experiment is given along with
the concepts of conventional VSP processing. Conventional VSP processing is then
applied to the Frio experiment to image subsurface structure, and using the pre- and
post-injection data to monitor the injection of CO2 at the injection zone.
In Chapter 3, Marchenko redatuming and imaging is overviewed. A brief description of seismic interferometry is ﬁrst given and the Marchenko redatuming approach
is then described. This is followed by imaging using up- and downgoing Green’s
function from virtual source locations in the subsurface.
In Chapter 4, Marchenko redatuming and imaging is tested using two diﬀerent
synthetic examples. The ﬁrst example uses a simple velocity model, and the second
velocity model is derived from the ﬁrst arrival travel-times from data from the Frio
carbon sequestration experiment. The subsurface reﬂectivity is then imaged using
both conventional VSP processing and the Marchenko approach. Also, from the
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imaging of the pre- and post-injection synthetic data, the CO2 injection zone was
estimated.
In Chapter 5, the Marchenko approach is applied for carbon sequestration monitoring. Marchenko inversion is ﬁrst applied to the data from pre-injection Shot 1
data from the Frio carbon sequestration experiment and the results are compared
with that from conventional VSP processing. Marchenko inversion is then applied
to the pre- and post-injection waveﬁelds to image CO2 injection near the injection
zone. For each case, Marchenko redatuming and imaging resulted in good agreement
with the conventional processing results, and can provide an alternative approach to
conventional processing with the potential of providing enhanced inversions of the
subsurface.

3

2. CONVENTIONAL VSP PROCESSING WITH
APPLICATION TO THE FRIO CARBON
SEQUESTRATION EXPERIMENT
2.1

The Frio Carbon Sequestration Experiment
In 2003, the Frio oil ﬁeld was chosen for a carbon sequestration experiment (Hov-

orka et al., 2006 and Daley et al., 2008). The site is located in an oil ﬁeld, and the
observation well is an old production well. Fig. 2.1 shows the location of the Frio
experimental site which is located 4.7 miles S-SW from Dayton, TX and 5.5 miles
S-SE from Liberty, TX. The injection well was drilled about 30 m to the southeast of
the observation well. In October 2004 nearly 1,600 tons of CO2 were injected into the
upper Frio “C” formation at a depth of 1528.5 - 1534.7 m (Daley et al., 2008). The
Frio site is illustrated in Fig. 2.2 which shows the observation and injection wells,
the CO2 injection layer and its nearby geological structure. Also shown in Fig. 2.2
are the shots which were used for vertical seismic proﬁling (VSP) but only shots 1
and 3 had full geophone recording proﬁles in depth in the observation well. The Frio
formation is made up of Oligocene sandstones and these brine ﬁlled sandstones have
approximately 30% porosity and nearly 2 Darcys permeability, and a 23-meter-thick
brine bearing Frio “C” sandstone was chosen for CO2 injection (Hovorka et al., 2006).

2.2

Conventional VSP Processing
VSP is a technique where seismic sources (vibroseis, explosives, air gun, hammer,

etc.) are located at the surface and receivers are located at depth in a borehole. Different types of VSP are related to the locations of the sources, for example zero-oﬀset
VSP (ZVSP), oﬀset VSP and walkaway VSP. VSP surveys can provide informa-
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tion about velocity and reﬂectivity structure, attenuation structure (Q), as well as
azimuthal variations of the velocity and reﬂectivity at depth in the vicinity of the
borehole. Since the receiver depths are known, VSP surveys can provide more detailed information about the velocity structure near the borehole compared to surface
seismic data. For VSP studies, unlike surface seismics, both upgoing and downgoing
waves at depth can be obtained. VSP surveys also allow for the creation of eﬀective
surface reﬂection traces to compare with observed surface seismic data and provide a
tie with seismic well logs.

2.2.1

VSP Acquisition Geometry

VSP studies are divided into several diﬀerent categories related to the source and
receiver locations. Checkshot surveys are similar to VSP surveys but have a fewer
number of geophones. Checkshot surveys might have irregularly spaced geophones
whereas VSP surveys mainly have regularly spaced geophones over a depth range in
the borehole. A VSP geometry is illustrated in Fig. 2.3. If the oﬀset of the source
from the borehole is more than several hundred meters the acquisition is called Oﬀset VSP, otherwise it is called ZVSP. If there are a number of sources located away
from the borehole, this acquisition geometry is called a Walkaway VSP. Walkaway
VSP provides more coverage of the subsurface away from the borehole at depth. Fig.
2.4 depicts the source and receiver conﬁguration for a walkaway VSP geometry. Azimuthal coverage can be obtained using a range of source azimuths from the borehole
and laterally varying velocities and reﬂectivity, as well as anisotropy, can be obtained.

For VSP studies, either geophones or hydrophones can be used. Three-component
(3-C) geophones are clamped to the borehole wall, and some downhole tools have up
to 80 levels of 3-C geophones, but some have 5 levels of 3-C geophones. Hydrophones
for VSP studies are less expensive since they do not need to be clamped to the borehole
and are more easily deployed. However, hydrophone VSP surveys often show strong
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coherent noise and geophone VSP surveys are preferable (Wuenschel, 1988; Krohn
and Chen, 1992).
Recently, distributed acoustic sensing (DAS) technology using ﬁber optic cable
technology is now being applied for VSP surveys (Mestayer et al., 2011; Mateeva et
al., 2012; Willis et al., 2016, Willis et al., 2017). DAS VSP surveys have the potential
of providing a very dense sampling of recordings with depth in the borehole. Willis
et al. (2016) provide comparisons between conventional and DAS VSP surveys and
the results from DAS VSP show great potential.

2.3

Conventional VSP Processing
For the conventional processing of VSP data, trace editing and ﬁltering (low-pass,

high-pass, band-pass, etc.) are ﬁrst applied to reduce noise in the data. The direct
ﬁrst arrivals are picked, and can then be used for velocity analysis. The ﬁrst arrival
amplitudes can be used to obtain a gain function to correct for geometric spreading.
The separation of upgoing and downgoing waves is then performed either by median
ﬁltering or frequency-wavenumber (f-k ) ﬁltering (Hardage, 2000). If the VSP data
with the aligned ﬁrst arrivals are median ﬁltered, the downgoing waveﬁeld can be
obtained, and subtracting this from the original waveﬁeld the upgoing waveﬁeld can
be obtained. Alternatively, f-k ﬁltering can be used to separate the upgoing and
downgoing waveﬁelds on the VSP proﬁle, since the upgoing and downgoing waveﬁelds
have diﬀerent dips. Also, f-k ﬁltering can be applied for noise reduction to ﬁlter out
more steeply dipping arrivals from the data.
After separation of the upgoing and downgoing waveﬁelds, static corrections are
applied to align the data to the wellhead and obtain an eﬀective zero-oﬀset VSP.
The eﬀects of the source pulse and surface reﬂected arrivals can then be removed by
deconvolving the upgoing waveﬁeld with the downgoing waveﬁeld. The deconvolved
upgoing waveﬁeld can be aligned using twice the ﬁrst arrival times, and a corridor
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stack is used to obtain an eﬀective zero-oﬀset seismic trace, and this can be compared
with surface seismic data (Burton and Lines, 1997).

2.4

Conventional VSP Processing at The Frio Site
In July 2004 a pre-injection of CO2 VSP survey was performed and in November

2004 a post-injection of CO2 VSP survey was performed at the Frio site (Daley et al.,
2008). A three-component 80 level string of geophones were clamped in the borehole
at diﬀerent depth levels, and explosive sources were used at several source locations.
For this study, we investigate the data from Shot 1 which have a full recording
from the surface to 1685 m in depth. Shot 1 is a near zero-oﬀset VSP with an oﬀset
of 128 m. However, in Fig. 2.2 there are some dipping formations but locally near the
borehole dips are small. For processing purposes, the CREWES MATLAB toolbox
is used, which is made available from the CREWES Consortium of the University of
Calgary (http://www.crewes.org/ResearchLinks/FreeSoftware/, last accessed April
2018). Also, several MATLAB functions are used from SeismicLab available from the
University of Alberta.
The Shot 1 pre-injection Frio experiment VSP data in “segy” format was ﬁrst
read into MATLAB. Since the VSP data were three component data, only the zcomponent was extracted from the data ﬁle. Shot and well locations information were
also extracted from the headers of the data and Fig. 2.5 shows the shot locations
and the locations of the injection and observation wells. The sources used 1.6 kg
explosives at a depth of 18 m depth. For shots 1 and 3 there were repeated receiver
depths where the string placements overlapped, but repeated traces were removed.
The receiver spacing was about 8 m down to 1080 meters in depth, and about 4 m
for greater depths. However, there was some variability and speciﬁc receiver depths
were taken from the headers of the data.
To illustrate the conventional processing of VSP, Fig. 2.6 displays the z-component
of the raw data for Shot 1 after trace editing. Following trace editing, a gain function is
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applied to approximately correct for geometric spreading and attenuation (Hardage,
2000; Appendix B), and the resulting adjusted waveﬁeld is shown in Fig. 2.7 for
depths greater than 180 m.
In order to partially remove tube waves and shear waves near the surface with
larger dips, initial f-k ﬁltering was applied. The resulting seismic waveﬁeld is shown
in Fig. 2.8 for depths greater than 180 m. First arrival time picking was then applied
to the Shot 1 data. For this step, the z-component traces were plotted as shown in
Fig. 2.9, so that their ﬁrst break times could be picked. This process was applied to
all the traces for the Shot 1 data.
After ﬁrst arrival time picking, a layer stripping approach was used to estimate
velocities for each layer starting from surface and down in depth. The layer depths
were initially chosen to be similar to the velocity model of Gholamrezaie (2014). A
ray tracer in the CREWES toolbox was used to calculate travel-times for a given
trial velocity. Using the observed travel-times and the calculated travel-times from
the raytracer, RMS misﬁt values were then computed for diﬀerent trial velocities.
The RMS misﬁts were calculated for each layer interval and the velocity value with
the minimum RMS misﬁt was determined.
As an example, an RMS misﬁt curve for the depth range from 1300 to 1464 m is
shown in Fig. 2.10. In this ﬁgure, the velocity range was estimated from where the
RMS misﬁt is less than the data error for this depth interval, where a 2 ms picking
error was used. The observed and calculated travel-times from the velocity model
obtained in this way are shown in Fig. 2.11 and the total RMS misﬁt is on the order
of the data error. The resulting velocity model for Shot 1 with error bars is shown in
Fig. 2.12. Note that the error bars show a wider range for thin layers, and a smaller
error bar range for thicker layers. Also shown in Fig. 2.12 are the velocities from
Gholamrezaie (2014) and Zhou et al. (2010) using diﬀerent approaches. The rays for
the resulting velocity model from the layer stripping are also shown in Fig. 2.13.
The waveﬁeld from the z-component Shot 1 location was then separated into
upgoing and downgoing waveﬁelds using a median ﬁlter approach (Yilmaz, 2001)
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from the CREWES toolbox and in Fig. 2.14 the downgoing waveﬁeld is shown. Fig.
2.15 also shows the upgoing waveﬁeld for the Shot 1 data. After separation, a small
amount of artifacts remaining from separation process was corrected using a bandpass ﬁlter. The upgoing waveﬁeld was then corrected for two-way travel-time and this
waveﬁeld is shown in Fig. 2.16. It can be seen that dips are small near the borehole
since the two-way reﬂected events are ﬂat. There is a dipping event in the lower right
corner of the plot which could be scattered waves from the nearby salt structure.
The scaling for this and other plots is global for all traces. Following the separation
process, the upgoing waveﬁeld was deconvolved with the downgoing waveﬁeld. To
prevent low- and high-frequency noise, the deconvolved waveﬁeld was ﬁltered using a
band-pass ﬁlter for 0 - 40 Hz and corrected for two-way travel-time of the ﬁrst arrivals
and the resulting waveﬁeld is shown in Fig. 2.17.
Another step of conventional VSP processing is to determine a corridor on the
upgoing, deconvolved and low-pass ﬁltered ﬂattened waveﬁeld. Since the Frio VSP
data have variable sampling with a sparser sampling near the surface and a denser
sampling at greater depths near the target zone, median ﬁltering was used instead
of f-k ﬁltering (Yilmaz, 2001). The corridor data are then stacked and the resulting
trace can be compared to surface reﬂection data. It can also be converted to depth
with the estimated velocity proﬁle to compare with well log data. In Fig. 2.18a, the
two-way travel-time corrected upgoing waveﬁeld is shown after deconvolution and
low-pass ﬁltering along with a stack of the corridor section. In Fig. 2.18b the stack
of the corridor section is shown. In Fig. 2.19a, the velocity model from the Shot 1
z-component Frio VSP data is shown from Fig. 2.12. Also shown in Fig. 2.19 is
the depth-converted stacked trace of the corridor section for pre-injection Shot 1 Frio
data.
For monitoring the injection zone, the pre-injection waveﬁeld is shown in Fig.
2.20 after f-k ﬁltering, and plotted for a depth range near the target zone. The
post-injection waveﬁeld is also processed in a similar manner and is shown in Fig.
2.21. Fig. 2.22 shows a diﬀerence plot between the Shot 1 pre-injection and post-
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injection ﬁltered data in Fig. 2.20 and Fig. 2.21, respectively. From the diﬀerence
plot, the CO2 injection zone can be identiﬁed between 1.45 and 1.5 s. There are
other remaining features in the diﬀerence plot that likely result from variability in
the conditions for the pre- and post-injection data recorded in July and November of
2004. In Appendix A, a comparison with the results of Daley et al. (2005, 2008) is
shown for the Shot 1 pre- and post-injection VSP data.
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Fig. 2.1. The Frio carbon sequestration experiment site location, near Dayton, TX.
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Fig. 2.2. An illustration of the Frio carbon sequestration experiment
site showing the Shot 1 and Shot 3 locations, the injection and observation well locations, and the injection zone at depth (adapted from
Hovorka et al., 2006).
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Fig. 2.3. A schematic of the VSP geometry where the source is located
near the surface and the geophones (triangles) are located at depth
in the borehole. Direct rays from the source to the geophones and
reﬂected rays from interfaces at depth are also shown.
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Fig. 2.4. A schematic of a walkaway VSP survey with multiple sources
with oﬀset at the surface, and a representative geophone in the borehole. The direct rays from the sources to the geophone and reﬂected
rays from an interface at depth are also shown.
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Fig. 2.5. The shot and well locations for the Frio experiment (adapted
from Daley et al., 2008). Shots are denoted with stars and the observation and injection wells locations are shown with circles.
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Fig. 2.6. The Shot 1 z-component VSP data from the pre-injection
Frio experiment is shown here without geometric spreading and attenuation.

16

Fig. 2.7. The Shot 1 z-component VSP data from the pre-injection
Frio experiment after gain correction where the data are now shown
for depths greater than 180 m. The direct and downgoing waves have
dips sloping down and the upcoming waves have dips dipping the
opposite direction. Also shown are arrivals at shallower depths with
steeper dips.
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Fig. 2.8. The Shot 1 z-component VSP data from the pre-injection
Frio experiment after initial f-k ﬁltering to partially remove steeper
dipping arrivals.
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Fig. 2.9. Individual VSP traces for depths from 386 to 424 m are
shown illustrating the picking of the ﬁrst arrival times on the raw
unﬁltered data. The red dots are the picked ﬁrst arrival times.
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Fig. 2.10. An illustration of an RMS travel-time misﬁt curve for the
depth range from 1300 to 1464 m with diﬀerent trial velocities from
the minimum of the RMS misﬁt curve the velocity for this depth is
estimated. The velocity range is estimated from where the RMS misﬁt
is less than the estimated data error for this depth interval.
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Fig. 2.11. The observed and calculated travel-times for Shot 1 zcomponent VSP data from the pre-injection Frio experiment. The
blue circles represent the observed arrival times and the red crosses
are the calculated values from the layer stripping inversion.
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Fig. 2.12. Estimated velocities from layer a stripping inversion with
error bars for the Shot 1 z-component pre-injection Frio data. The
thin red line shows the velocity model from Gholamrezaie, (2014), the
dashed black line shows the velocity model from Zhou et al. (2010),
and the blue solid line shows the velocity model from layer stripping
along with error bars.
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Fig. 2.13. Rays traced through the velocity model derived from layer
stripping for the Shot 1 z-component VSP data from the pre-injection
Frio experiment (Note that the plot axes are not the same scale).
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Fig. 2.14. The downgoing seismic waveﬁeld for Shot 1 z-component
VSP data from the pre-injection Frio experiment after waveﬁeld separation using median ﬁltering.
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Fig. 2.15. The upcoming seismic waveﬁeld for Shot 1 z-component
VSP data from the pre-injection Frio experiment after waveﬁeld separation using median ﬁltering.
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Fig. 2.16. The upcoming waveﬁeld after two-way travel-time correction for Shot 1 z-component VSP data from the pre-injection Frio
experiment.
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Fig. 2.17. The deconvolved, low-pass ﬁltered, time-shift corrected,
static shift applied and two-way travel-time corrected waveﬁeld for
Shot 1 z-component VSP data from the pre-injection Frio experiment.
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Fig. 2.18. a) The upcoming waveﬁeld for the Shot 1 z-component
Frio pre-injection data after deconvolution, low-pass ﬁltering and twoway travel-time correction and median ﬁltering, and the solid black
lines show the corridor section, b) The stack of the processed corridor
section in time.
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Fig. 2.19. a) The velocity model for the Shot 1 Frio VSP data, b)
The stacked trace of the processed pre-injection data corridor section
with deconvolution and low-pass ﬁltering after conversion from time
to depth.
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Fig. 2.20. Pre-injection waveﬁelds for Shot 1 Frio data after f-k ﬁltering and plotted with a limited time and depth range near the target
injection zone.
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Fig. 2.21. Post-injection waveﬁelds for Shot 1 Frio data after f-k
ﬁltering and plotted with a limited time and depth range near the
target injection zone.
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Fig. 2.22. The diﬀerence plot for the Shot 1 Frio pre-and post-injection data.
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3. MARCHENKO REDATUMING AND IMAGING
Marchenko redatuming and imaging allows one to redatum a source to an arbitrary
location in the Earth’s subsurface. It has the potential to provide enhanced imaging
of the Earth structure by correcting for shallow Earth structure. Using the Marchenko
equations, the up- and downgoing Green’s functions can be retrieved and used for
imaging (Slob et al., 2014; Wapenaar et al., 2012, 2014a,b). Marchenko imaging
is based on using focusing solutions which can be obtained from waves recorded
from surface sources, and an estimate of the ﬁrst arrival times from the surface to a
subsurface location. If the focusing solutions are estimated, one can compute the upand downgoing components of the Green’s functions, which can be used to image for
structure.
Rose (2002a,b) and Aktosun and Rose (2002) showed that a time-advanced delta
function followed by the time-reversed solution of the Marchenko equation incident
on a 1D medium from one side can be used to focus a waveﬁeld inside the medium.
Broggini et al. (2012) then presented connections between seismic interferometry and
the solutions of the Marchenko equation. They showed that no physical receiver inside
the medium is required, and only single-sided illumination suﬃces along with an estimate of the ﬁrst arrival times. Wapenaar et al. (2012, 2014b) extended Broggini and
Snieder (2012)’s approach to three dimensions. By solving the three-dimensional (3D)
Marchenko equation using an iterative process, they obtained the focusing functions.
The resulting Green’s function can then be obtained from a virtual source originating
from inside the medium. Following this work, recently, Ravasi et al. (2016) and Jia
et al. (2017) applied Marchenko imaging to real data.
Wapenaar et al. (2016) and Singh and Snieder (2017) then developed sourcereceiver redatuming which allows one to interpret the Green’s function recorded at a
virtual receiver inside the subsurface resulting from a result of a virtual source located
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inside the medium. Therefore, a virtual source recorded by a virtual receiver can be
obtained with no physical sources or receivers inside the medium. For this study we
applied Marchenko redatuming and imaging to a 1D medium.

3.1

Seismic Interferometry
Seismic interferometry (Schuster, 2009; Wapenaar et al., 2008) enables one to re-

construct the response between two receivers from the cross-correlation of the waveﬁelds measured at two receivers inside the medium from sources along the boundary
of the medium. The reconstructed response then can be regarded as the response
that is measured at one of the receiver locations as if the other receiver is a virtual
source. Seismic interferometry can help reveal Earth structure from scattered waves
as well as noise recorded at a receiver inside the medium. It requires two steps including cross-correlating two recorded signals inside the medium, and then stacking the
resulting cross-correlograms from many sources located along the surrounding boundary of the medium. For one-dimensional (1D) medium, this requires that sources are
located both above and below the volume. Broggini et al. (2012) showed the results
for seismic interferometry in 1D can be written as
G(z, zV S , t) + G(z, zV S , −t) ∝

X

G(z, z 0 , t) ∗ G(zV S , z 0 , −t),

(3.1)

z 0 =zS1 ,zS2

where ∝ denotes “proportional to”, the asterisk is temporal convolution, z 0 denotes
a source on the boundary equal to zS1 and zS2 along the top and bottom of the
medium, and G is the resulting Green’s function for a receiver at z and a virtual
source at zV S inside the volume. Using these steps, one can construct the seismic
trace from a virtual source inside the medium assuming there exists actual sources
both from above and below the medium. Marchenko imaging, on the other hand,
allows one to extend this to only sources from above.
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3.2

Marchenko Redatuming
Here we describe Marchenko redatuming for 1D case following Wapenaar et al.

(2014a) which provides more general results in 3D. The Green’s function is a system’s
impulse response and can be decomposed into up- and downgoing components as

G(zA , z0 , t) = G− (zA , z0 , t) + G+ (zA , z0 , t),

(3.2)

with a source at depth z0 and a receiver at depth zA with z0 < zA . Similar to the
Green’s function, the focusing function can be represented as

f2 (zA , z0 , t) = f2− (zA , z0 , t) + f2+ (zA , z0 , t),

(3.3)

where f2 (zA , z0 , t) is for a source at z0 and recorded at depth zA in a truncated reference medium with homogeneous media for z < z0 and z > zA . f2+ is for downgoing
waves and f2− is for upcoming waves.
Here, G(zA , z0 , t) and reﬂection signal R(z0 , t) are deﬁned in the actual medium,
but the focusing function f2 (zA , z0 , t) is deﬁned in the truncated reference medium
between z0 and zA . The focusing function collapses to a delta function at a depth of
z0 , f2 (z0 , z0 , t) = δ(t). Analogous to equation (3.3)
f1 (z0 , zA , t) = f1− (z0 , zA , t) + f1+ (z0 , zA , t),

(3.4)

is the focusing function with the source at zA and the receiver at z0 in the truncated
reference medium. These focusing functions are related by (Wapenaar et al., 2014a)

f1+ (z0 , zA , t) = f2− (zA , z0 , t),

(3.5)

−f1− (z0 , zA , −t) = f2+ (zA , z0 , t).

(3.6)

and
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3.3

Marchenko Equation
The Marchenko equation relates the reﬂected waves R(z0 , t) to the focusing func-

tions, and can be written as (Wapenaar et al., 2014a)
Z

t

0=

R(z0 , t − t0 )f2 (zA , z0 , t0 )dt0 + f2 (zA , z0 , −t),

(3.7)

−∞

for t < td where td denotes the ﬁrst arrival travel-times from z0 to zA . The inverse of
the direct arrival waves from the surface to the subsurface focusing location can be
approximated by

Tdinv (zA , z0 , t) ≈ Gd (zA , z0 , −t),

(3.8)

where Gd (zA , z0 , −t) is the time reverse of the Green’s function direct arrival pulse.
The Marchenko equation can then be iteratively solved for the coda, M (z0 , zA , t),
with
f2 (zA , z0 , t) = Tdinv (zA , z0 , t) + M (z0 , zA , t),

(3.9)

as
Z

t

R(z0 , t − t0 )Mk−1 (z0 , zA , t0 )dt0 ,

Mk (z0 , zA , −t) = M0 (z0 , zA , −t) −

(3.10)

−td

where td = td −  with  a small positive constant and
Z −td
M0 (z0 , zA , −t) = −
R(z0 , t − t0 )Tdinv (zA , z0 , t0 )dt0 ,

(3.11)

−∞

for t < td and Mk (z0 , zA , −t) = 0 for t ≥ td . Therefore, if we know both the direct
arrival pulse of the inverse transmission response and the reﬂection response, the kth
iteration of the coda can be estimated from equations (3.10) and (3.11).
The successive iterations of the focusing function can be represented as

f2,k (zA , z0 , t) = Tdinv (zA , z0 , t) + Mk−1 (z0 , zA , t),

(3.12)

with M−1 (z0 , zA , t) = 0. If the iteration sequence converges, the Green’s function can
be obtained for a virtual source at zA as
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Z

t

G(z0 , zA , t) =

R(z0 , t − t0 )f2 (zA , z0 , t0 )dt0 + f2 (zA , z0 , −t).

(3.13)

−∞

3.4

The Marchenko Equation Decomposition and Imaging
The Marchenko equation is the basis for retrieving the Green’s function using

the surface reﬂection response, R, and the direct arrival of the inverse transmission
response, Tdinv . In order to redatum a waveﬁeld and image the reﬂections, the Green’s
function needs to be separated into up- and downgoing components of the Green’s
function. Here, the approach from Wapenaar et al. (2014a) is used to obtain up- and
downgoing components of the Green’s function.
We ﬁrst write f1+ (z0 , zA , t) as
f1+ (z0 , zA , t) = Tdinv (zA , z0 , t) + M + (z0 , zA , t),

(3.14)

where M + (z0 , zA , t) is the coda and
M + (z0 , zA , t) = 0,

(3.15)

for t ≤ td . From equation (3.3) for f1− (t) and the causality of f2 (t)
f1− (z0 , zA , t) = 0,

(3.16)

for t ≥ td . By substituting equation (3.15) into the Marchenko equations and solving
this iteratively gives

f1−,0 (z0 , zA , t)

Z

−td

=

R(z0 , t − t0 )Tdinv (zA , z0 , t0 )dt0 ,

(3.17)

−
R(z0 , t − t0 )f1,k
(z0 , zA , −t0 )dt0 ,

(3.18)

−∞

and then
Mk+ (z0 , zA , −t)

Z

t

=
−td

and
−
f1,k+1
(z0 , zA , t)

=

−
f1,0
(z0 , zA , t)

Z

t

+
−td

R(z0 , t − t0 )Mk+ (z0 , zA , t0 )dt0 ,

(3.19)
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−
for t < td , where Mk+ (z0 , zA , −t) = f1,k+1
(z0 , zA , t) = 0 for t ≥ td . Using equation

(3.18), the focusing function f1+ (z0 , zA , t) can be written as
f1+,k (z0 , zA , t) = Tdinv (zA , z0 , t) + Mk+−1 (z0 , zA , t),

(3.20)

with M−+1 (z0 , zA , t) = 0. If the iteration sequence converges, the solutions f1− (z0 , zA , t)
and f1+ (z0 , zA , t) can be used to ﬁnd the decomposed up- and downgoing components
of the Green’s function, G− and G+ as
Z t
−
G (zA , z0 , t) =
R(z0 , t − t0 )f1+ (z0 , zA , t0 )dt0 − f1− (z0 , zA , t),

(3.21)

−∞

and
t

Z

+

R(z0 , t − t0 )f1− (z0 , zA , −t0 )dt0 + f1+ (z0 , zA , −t),

G (zA , z0 , t) = −

(3.22)

−∞

and by adding these functions together we obtain the complete Green’s function as
before in equation (3.13) as
Z

t

R(z0 , t − t0 )f2 (zA , z0 , t0 )dt0 + f2 (zA , z0 , −t).

G(zA , z0 , t) =

(3.23)

−∞

Given the up- and downgoing ﬁelds, imaging in 1D can be performed via deconvolution. At a desired depth, zA , we can relate the up- and downgoing components of the
Green’s function as

−

G (zA , z0 , t) =

Z

R(zA , t − t0 )G+ (zA , z0 , t0 )dt0 ,

where the redatumed reﬂection response, R(zA , t), can be obtained.

(3.24)
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4. NUMERICAL INVESTIGATIONS OF THE
MARCHENKO REDATUMING AND IMAGING
In this chapter we test the Marchenko redatuming and imaging method in 1D media using two numerical examples. The ﬁrst example uses a simple layered velocity
model, and the second uses a velocity model derived from the analysis of ﬁrst arrival
travel-times from the Frio carbon sequestration experiment given in Chapter 2. We
will redatum the waveﬁelds to virtual subsurface locations, and then use Marchenko
redatuming to image the subsurface structure and compare with the results from
conventional VSP processing.

4.1

Testing Marchenko Redatuming and Imaging on a Simple Velocity
Model
For the ﬁrst example, we use the layered velocity model shown in Fig. 4.1 with

several interfaces and a high impedance layer at the bottom at a depth of 1300 m.
Using this velocity model, we generate 1D synthetic seismograms, where free-surface
multiples are not considered. The synthetic data have an 8 m receiver spacing in
depth and horizontal reﬂectors at 300 m, 500 m, 600 m, 800 m, 1000 m, 1100 m, 1300
m and 1500 m. The reﬂection response is computed assuming a Goupillaud medium
(Goupillaud, 1961) which is then convolved with a Gaussian pulse. We ﬁrst compute
a VSP shot gather with a source located at the surface, and this is shown in Fig. 4.2.
We then compute a second shot gather with a source location at a depth of 1200 m
in the subsurface, and this waveﬁeld is shown in Fig. 4.3.
After determining the focusing function from Marchenko redatuming (see Chapter
3), we redatum the surface waveﬁeld shown in Fig. 4.2 to create a virtual source at
a depth of 1200 m in the subsurface. The resulting redatumed virtual waveﬁeld is
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shown in Fig. 4.4. Comparing the physical waveﬁeld at a source depth of 1200 m
in Figure 4.3 with the redatumed virtual waveﬁeld in 4.4, it can be seen that the
Marchenko redatuming does an excellent job in constructing a virtual source inside
the medium using only single-sided illumination from the surface. Note, however, a
time shift of half the virtual pulse width of the data has been added for imaging.
To compare the Marchenko imaging results with conventional VSP processing, the
VSP waveﬁeld data with a shot located at the surface shown in Fig. 4.2 is separated
into up- and downgoing components by using a median ﬁlter approach. The separated
upcoming waveﬁeld is then corrected for two-way travel-time of the ﬁrst arrivals and
the resulting waveﬁeld is shown in Fig. 4.5a. A corridor section is then constructed
on the two-way travel-time corrected upcoming waveﬁeld. This is stacked to obtain
the conventionally processed stacked trace for vertical seismic proﬁling and is shown
in Fig. 4.5b (Burton and Lines, 1997).
As described in Chapter 3, by estimating the up- and downgoing Green’s function
using the Marchenko approach for a series of virtual source locations in the subsurface, Marchenko imaging can be performed. To compare the results of Marchenko
imaging with conventional VSP processing, Fig. 4.6a shows the velocity model used
for creating the original waveﬁeld data along with the true reﬂectivity model shown
in Fig. 4.6b. Note that the reﬂectivity here refers to the reﬂection coeﬃcients and
not the reﬂection seismogram. Fig. 4.6c shows the inverted reﬂectivity response
from conventional VSP processing, and Fig. 4.6d shows the imaging results from the
Marchenko redatuming approach. It can be seen that the Marchenko imaging yields
an excellent match with the true reﬂectivity response, as well as the estimated reﬂectivity response from the conventionally processed VSP stacked trace. The horizontal
reﬂectors are imaged at their correct amplitudes and locations with the Marchenko
imaging without incorporating all of the conventional VSP processing steps. The only
requirements are a smooth estimate of the velocity model in order to convert time to
depth, which is also needed for conventional VSP processing.
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4.2

Testing Marchenko Redatuming and Imaging Using a Velocity Model
Derived From The Frio Carbon Sequestration Experiment
The second example uses a velocity model derived from the Frio carbon seques-

tration experiment from the analysis of the ﬁrst arrival travel-times in Chapter 2.
This model has a high impedance lower interface at 1464 m, and is shown in Fig.
4.7. Using this velocity model, we generate a synthetic waveﬁeld for a surface source,
and this is shown in Fig. 4.8. The receiver spacing is set according to the actual Frio
experiment which was about 8 m for depths down to 1080 meters in depth, and 4 m
for depths greater than 1080 m down to 1685 m. The reﬂection response is computed
using a Goupillaud model (Goupillaud, 1961) and then convolved with a Gaussian
pulse. We ﬁrst compute a waveﬁeld with a source located at the surface, and this is
shown in Fig. 4.8. We then compute a waveﬁeld with a source located at a depth of
1200 m in the subsurface, and this is shown in Fig. 4.9.
After ﬁnding the focusing functions from Marchenko redatuming (see Chapter 3),
we redatum the waveﬁeld shown in Fig. 4.8 to a virtual source position at a depth
of 1200 m which is shown in Fig. 4.10. Comparing this with the physical waveﬁeld
in Fig. 4.9 it can be seen that the Marchenko redatuming does an excellent job of
creating a virtual source in the subsurface using only single-sided illumination from
the surface. The reﬂections from the diﬀerent interfaces in the model can be seen in
the redatumed waveﬁeld.
Marchenko redatuming and imaging is then compared with imaging using conventional VSP processing. For conventional VSP processing, the upcoming waveﬁeld
from the waveﬁeld with a source located at the surface given in Fig. 4.8 is separated
into up- and downgoing waveﬁelds by using median ﬁltering. The separated upcoming waveﬁeld is corrected for two-way travel-time of the ﬁrst arrivals and is shown
in Fig. 4.11a. A corridor section is then constructed on the two-way travel-time
corrected upcoming waveﬁeld and stacked horizontally over the corridor in time, and
the stacked trace is shown in Fig. 4.11b.
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To compare the results from conventional VSP processing with that from Marchenko
imaging, we plot the original velocity model used for the waveﬁeld data in Fig. 4.12a
along with the true reﬂectivity model shown in Fig. 4.12b. The conventionally processed VSP stacked corridor section is shown in Fig. 4.12c. By estimating the upand downgoing Green’s function using Marchenko redatuming at a number of virtual
source locations at depth, imaging can be performed and the reﬂectivity response for
the redatumed virtual sources can be obtained (see Chapter 3). We apply Marchenko
redatuming and imaging to the waveﬁeld in Fig. 4.8 and obtain the inverted reﬂectivity response shown in Fig. 4.12d. Fig. 4.13 is similar to Fig. 4.12 except that now
2.5% Gaussian random noise has been added to the data. It can be seen that for both
approaches the results are stable for the addition of a small amount of random noise.
For both the conventionally processed VSP stacked trace and the Marchenko inversion results a smooth velocity model is used to convert time to depth. It can be
seen that the inverted reﬂectivity response from Marchenko redatuming and imaging compares very well with the true reﬂectivities, and also with the conventionally
processed VSP stacked trace. Shallower interfaces less then 100 m were not imaged
for the both approaches due to the starting depth used. Fig. 4.14 shows the true
reﬂectivities (thick black lines), the imaging results from the Marchenko redatuming
and imaging (thin solid black) with that from conventionally processing stacked trace
(thin solid red). It can be seen that the reﬂectivity response from the Marchenko
redatuming and inversion has the correct locations and amplitudes. However the
conventionally processed VSP results have some diﬀerences with the true reﬂectivities, except for the interfaces at 1300 and 1464 m. The mismatch in amplitudes for
the conventional VSP processing in part results from the corridor used for the corridor section and also due to smoothing eﬀects. In contrast, the reﬂectivity response
from the Marchenko redatuming and imaging results in more correct amplitudes of
the reﬂectivities. It can also be seen that the conventionally processed VSP stacked
trace is missing the reﬂector at depth of 158 m while the Marchenko inverted trace
shows this reﬂector with the correct amplitude.
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To mimic the post-injection experiment from Frio experiment, we increased the
reﬂectivity of the lower reﬂector at a depth of 1464 m. This velocity model is shown
in Fig. 4.15a along with the true reﬂectivity model in Fig. 4.15b. We then applied
similar conventional VSP processing steps to obtain a stacked trace and this is shown
in Fig. 4.15c. We applied Marchenko redatuming and imaging to the post-injection
synthetic data and obtained the inverted reﬂectivity response shown in Fig. 4.15d.
In Chapter 2, the diﬀerence between the pre- and post-injection waveﬁelds were
used to detect the CO2 injection zone in the subsurface from conventional VSP
processing. Here, we subtract the post-injection reﬂectivity response from the preinjection reﬂectivity response using the Marchenko redatuming and imaging approach
to obtain the reﬂectivity changes in the subsurface. The velocity models for pre- and
post-injection cases are shown in Fig. 4.16a. The pre-injection inverted reﬂectivity
response from Marchenko redatuming and imaging is shown (thin solid black) along
with the true pre-injection reﬂectivity response (thick black) in Fig. 4.16b. The postinjection inverted reﬂectivity response from Marchenko redatuming and imaging is
shown (thin black) along with the true pre-injection reﬂectivity response (thick black)
in Fig. 4.16c. Fig. 4.16d shows the diﬀerence trace for inverted reﬂection responses
from Marchenko imaging (thin black) along with the true reﬂectivity diﬀerence (thick
black). It can be seen that the Marchenko inversion trace estimates the true reﬂectivities at their correct locations and amplitudes for both the pre- and post-injection
synthetic experiments. By subtracting the post-injection trace from the pre-injection
trace, the CO2 injection zone can be estimated with an excellent match with the true
reﬂectivity changes.
In this chapter, we have constructed two synthetic examples for testing Marchenko
redatuming and inversion. The ﬁrst example uses a simple layered model, and the
second example uses a velocity model derived from the ﬁrst arrival travel-time analysis given in Chapter 2 for the Frio carbon sequestration experiment. We were able
to use Marchenko redatuming of the waveﬁeld to estimate waveﬁelds from virtual
locations in the subsurface for both examples. Imaging based on Marchenko reda-
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tuming is then performed and compared with the true reﬂectivities and that from
conventional VSP processing. The Marchenko redatuming and imaging was found to
give the correct locations and amplitudes of the reﬂectivities and provided improved
estimates of the reﬂectivity amplitudes as compared to that from conventional VSP
processing. For the second synthetic example, the synthetic CO2 injection zone was
estimated correctly using Marchenko redatuming and imaging of synthetic pre- and
post-injection data. Marchenko redatuming and imaging has the advantage of naturally correcting for internal multiples using only one-sided illumination and has the
potential of providing more accurate inversions for subsurface structure.
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Fig. 4.1. An example layered velocity model used to generate synthetic VSP waveﬁeld data.
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Fig. 4.2. The waveﬁeld obtained from the velocity model shown in
Fig. 4.1 for a source at the surface.
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Fig. 4.3. The waveﬁeld for the velocity model shown in Fig. 4.1 with
a physical source located in the subsurface at a depth of 1200 m.
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Fig. 4.4. The waveﬁeld using Marchenko redatuming for a virtual
source located in the subsurface at a depth of 1200 m.
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Fig. 4.5. a) Corridor section of the separated upcoming and two-way
travel-time corrected waveﬁeld using conventional VSP processing.
The black lines show the corridor used for stacking, b) The corridor stack of the conventionally processed waveﬁeld along the corridor
shown in a).
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Fig. 4.6. a) Velocity model from Fig. 4.1, b) Reﬂectivity model
from the velocity model, c) Depth-converted stacked trace from the
conventionally processed VSP corridor section in Fig. 4.5, d) Inverted
reﬂectivity response from the Marchenko redatuming and imaging
approach.
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Fig. 4.7. A velocity model derived from the Shot 1 pre-injection Frio
carbon sequestration experiment using ﬁrst arrival travel-times from
Chapter 2.
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Fig. 4.8. The waveﬁeld using the velocity model shown in Fig. 4.7 for
a source at the surface.
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Fig. 4.9. The waveﬁeld using the velocity model shown in Fig. 4.7 for
a physical source located at a depth of 1200 m.
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Fig. 4.10. The waveﬁeld using Marchenko redatuming for a virtual
source located in the subsurface at a depth of 1200 m.
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Fig. 4.11. a) Corridor section on the separated upcoming, two-way
travel-time corrected waveﬁeld using conventional VSP processing.
The black lines show the corridor used for stacking, b) The stack of
the conventionally processed waveﬁeld along the corridor section in
a).
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Fig. 4.12. a) Velocity model from Fig. 4.7, b) Reﬂectivity model
from the velocity model, c) Depth-converted stacked trace from the
conventionally processed VSP corridor section in Fig. 4.4, d) Inverted
reﬂectivity response from the Marchenko redatuming and imaging
approach.
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Fig. 4.13. a) Velocity model from Fig. 4.7, b) Reﬂectivity model
from the velocity model, c) Depth-converted stacked trace from the
conventionally processed VSP corridor section in Fig. 4.4 with 2.5%
Gaussian random noise added, d) Inverted reﬂectivity response from
the Marchenko redatuming and imaging approach with 2.5% Gaussian
random noise added.
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Fig. 4.14. From Fig. 4.12, the true reﬂectivity (thick black lines),
conventionally processed VSP corridor stacked trace (solid thin red),
and the inverted reﬂectivity response from the Marchenko redatuming
and imaging (solid thin black).
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Fig. 4.15. a) Velocity model for a post-injection model, b) Postinjection reﬂectivity from the velocity model in a), c) Post-injection
depth-converted stacked trace from the conventionally VSP processed
corridor section, d) Post-injection inverted reﬂectivity response from
the Marchenko redatuming and imaging approach.
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Fig. 4.16. a) Velocity models from Fig. 4.7 (solid blue) and the lower
reﬂector with increased reﬂectivity (dashed blue), b) Pre-injection
inverted reﬂectivity response from the Marchenko redatuming and
imaging (thin solid black) along with the pre-injection true reﬂectivity model (thick black), c) Post-injection inverted reﬂectivity response
from the Marchenko redatuming and imaging (thin solid black) along
with the post-injection true reﬂectivity model (thick black) d) The difference trace for inverted responses from the Marchenko redatuming
and imaging (thin solid black) along with the true diﬀerence reﬂectivity model (thick black).
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5. MARCHENKO REDATUMING AND IMAGING
APPLICATION TO THE FRIO CARBON
SEQUESTRATION EXPERIMENT
In this chapter, we investigate the use of Marchenko redatuming and imaging for
carbon sequestration monitoring using data from the Frio experiment pre- and postinjection data. The Marchenko inversion approach can be used to eliminate disturbing
eﬀects of overburden structure by placing virtual sources near target structures in the
subsurface. We ﬁrst apply Marchenko inversion to the observed data from Shot 1 of
the Frio experiment and compare this to corridor stacks from conventional processing. We then apply Marchenko inversion to the near injection zone to image preand post-injection data to image the CO2 injection zone and also compare this with
conventional processing results.
In order to apply Marchenko inversion to the Frio data, several processing steps
were performed. The data were ﬁrst cut to depths greater than 180 m and then
corrected for geometric spreading and attenuation losses. Following Hardage (2000),
an amplitude decay function was ﬁt to the ﬁrst arrival amplitudes which is shown in
the Appendix B. This is used to obtain a gain function which is then applied to the
data and the gain-corrected data are shown in Fig. 5.1a. The steeply dipping tube
waves and shear waves arrivals in the data near the surface were then reduced by f-k
ﬁltering, and shown in Fig. 5.1b.
Although recent approaches have been developed to take into account the freesurface for Marchenko redatuming (Singh et al., 2015), for this study we have removed
the eﬀects of the free-surface ﬁrst. The waveﬁeld is ﬁrst aligned on the direct arrivals
and median ﬁltered to obtain the downgoing waves. The upgoing waves are then
obtained by subtracting this from the waveﬁeld and after aligning on twice the direct
arrival times are also median ﬁltered.
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The downgoing waves are averaged for depths from 180 to 550 m to obtain an
eﬀective downgoing trace at the top of the depth range. The resulting trace is then
used to deconvolve both the downgoing and upgoing waves which is used to approximately remove the free surface eﬀects. A zero-phase Butterworth ﬁlter from 0 to 40
Hz is also applied. The results are then combined and shown in Fig. 5.2a. This is
then used for Marchenko redatuming and imaging similar to the synthetic example
described earlier.
Marchenko redatuming is ﬁrst applied to create a sequence of virtual sources with
depth. Fig. 5.2b shows an example of a redatumed virtual waveﬁeld for a virtual
source located at a depth of 800 m. Marchenko imaging is then performed on the
redatumed data by deconvolution of the up- and downgoing components of the virtual
Green’s functions for a sequence of focusing times with a spacing of 0.0016 s as in
equation (3.24). This approximately corresponds to a spacing in depth of 3.5 m.
However the focusing times and corresponding depths can be made arbitrarily ﬁnely
spaced. The resulting Marchenko inversion is shown in Fig. 5.3a, and this is compared
with the corridor stack from conventional processing in Fig. 5.3b (from Fig. 2.18b).
The Marchenko inversion trace (black) and the corridor stack trace (red) are shown
superimposed in Fig. 5.3c.
It can be seen that the major reﬂections imaged in the corridor stack are also
imaged in the Marchenko inversion, such as the reﬂections at 0.88 s, 1.02 s, and 1.16
s. It can also be seen that there are some amplitude and phase mismatches above
0.7 s. The mismatches could result from the corridor selected for the corridor stack
and this can aﬀect the resulting stacked trace in conventional processing. Mismatches
can also result from the smoothing used in the waveﬁeld separation for conventional
processing, and also from the removal of the free-surface for the Marchenko inversion.
However, the Marchenko inversion approach does not require a corridor section or the
stacking a corridor.
The results from the Marchenko inversion and the conventional corridor stack are
then converted to depth using the ﬁrst arrival travel-times. The velocity model from
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the inversion of ﬁrst arrival times in Chapter 2 is shown in Fig. 5.4a. The depthconverted Marchenko inversion trace is shown in Fig. 5.4b and the depth-converted
stacked trace of the processed data corridor section is shown in Fig. 5.4c. The depthconverted Marchenko inversion trace (black) and the stack trace of the processed data
corridor section (red) are shown superimposed in Fig. 5.4d. The comparison of the
depth-converted Marchenko inversion and the conventional processing trace is very
good, with some amplitude and phase diﬀerences for depths above 800 m. However,
again the Marchenko inversion is based on redatuming and inversion whereas the
conventional processing is based on a corridor stack approach, and this can result in
some of the diﬀerences seen.
To identify the CO2 injection zone, Marchenko redatuming and imaging was applied to the waveﬁelds near the injection zone from the pre- and post-injection Frio
experiment data. Here we used a depth interval for pre- and post-injection Shot 1
z-component Frio data greater than 1250 m, where there is a uniform receiver spacing of about 4 m along the borehole. For this case, f-k ﬁltering was used instead of
median ﬁltering, but the remaining processing steps were kept the same. The resulting waveﬁelds were then used for Marchenko redatuming and imaging as well as for
conventional corridor stacks.
To image the injected CO2 , we inverted the waveﬁelds near the injection zone from
the pre- and post-injection experiments and took the diﬀerence between the resulting
traces. A diﬀerence waveﬁeld was also obtained from conventional processing and
is shown in Fig. 5.5a near the injection zone (see also Fig. 2.22). The Marchenko
redatuming and imaging was then applied to the pre- and post-injection waveﬁelds
near the injection zone and the inversion traces were obtained. By taking the difference between the pre- and post-injection Marchenko inversion traces, an inversion
diﬀerence trace was obtained and is shown in Fig. 5.5b.
Similarly, to image the injection zone using conventional processing, the preinjection waveﬁeld given in Fig. 2.20 is stacked over a corridor section and similarly
for the post-injection waveﬁeld given in Fig. 2.21. By taking the diﬀerence of the pre-
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and post-injection corridor stacked traces, the injection zone can be seen in Fig. 5.5c
from the stack of the conventional corridor diﬀerence in Fig. 5.5a (see also Chapter
2).
It can be seen in Fig. 5.5 that the diﬀerence of the pre- and post- Marchenko
inversion traces clearly show the injected CO2 between 1.4 and 1.5 s. In Fig. 5.5d the
diﬀerence trace of the corridor stack traces (red) are superimposed on the diﬀerence
of the Marchenko inversion traces (black). It can be seen that the diﬀerence trace
of the corridor sections and that from the Marchenko inversion traces show a very
good match. Again the variations in the results occur in part from the choice of the
corridor used for the stacks in the conventional processing compared to the Marchenko
inversion.
In this chapter, we have applied the Marchenko inversion for carbon sequestration
monitoring. We ﬁrst applied Marchenko inversion to the data from Shot 1 from
the Frio carbon sequestration experiment and compared this with the results from
conventional VSP processing. We then applied Marchenko inversion to the pre- and
post-injection waveﬁelds to image CO2 injection near the injection zone and compared
this with those from conventional VSP processing. For each case, Marchenko inversion
resulted in very good matches with the conventional processing results. Conventional
corridor stacks however can be sensitive to the corridor sections chosen for stacking
and are not formal inversions. In contrast, the Marchenko redatuming and imaging
has the potential of providing more consistent and accurate inversion results, and
provides an alternative to conventional VSP processing.
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Fig. 5.1. a) Shows the Shot 1 z-component VSP data from the preinjection Frio experiment after applying a gain correction for depths
greater than 180 m, b) Shows the Shot 1 z-component VSP data
from the pre-injection Frio experiment after removing steeper dipping
arrivals.
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Fig. 5.2. a) Shows the processed waveﬁeld data after removal of the
free-surface eﬀects, deconvolution and low-pass ﬁltering, b) Shows an
example waveﬁeld using Marchenko redatuming for a virtual source
located in the subsurface at a depth of 800 m.
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Fig. 5.3. a) Shows the Marchenko inversion for Shot 1 from the Frio
experiment, b) Shows the stack of the corridor section from conventional processing, c) Shows superimposed the Marchenko inversion
trace (black), and the stack of the corridor section (red).
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Fig. 5.4. a) The velocity model for the Shot 1 Frio VSP data, b) The
Marchenko inverted trace after conversion from time to depth, c) The
stack trace of the processed pre-injection data corridor section after
conversion from time to depth, d) Shows superimposed the Marchenko
inverted trace after depth conversion (black), and the stack trace of
the processed pre-injection data corridor section after depth conversion (red).
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Fig. 5.5. a) Diﬀerence waveﬁeld obtained from conventional processing (see also Fig. 2.22) for a limited time and depth range near the
injection zone, b) Shows the diﬀerence trace of the pre- and postinjection Marchenko inversion traces, c) Shows the diﬀerence trace
of the pre- and post-injection from the diﬀerence of the conventional
corridor stacks, d) Shows superimposed the pre- and post-injection
waveﬁeld corridor stack (red), and the diﬀerence trace of the preand post-injection Marchenko inversion traces (black). The vertical
dashed black lines show the injection zone in depth and the horizontal
dashed black lines show the injection zone in time.
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APPENDIX A: COMPARISON OF THE
CONVENTIONAL PROCESSING FOR FRIO SHOT 1 VSP
DATA WITH DALEY ET AL. (2005, 2008)
In this appendix, conventional processing for the Shot 1 pre- and post-injection Frio
experiment VSP data are compared with the results of Daley et al. (2005, 2008).
In Figs A.1 and Fig. A.2, the Shot 1 pre- and post-injection data after conventional
VSP processing are shown along with the results of Daley et al. (2005, 2008). In Fig.
A.3 the diﬀerence plot of the pre- and post-injection data are shown, along with the
diﬀerence plot from Daley et al. (2008). On these subplots, the CO2 injection zone
can be clearly seen between 1.45 and 1.5 s.
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Fig. A.1. a) Shows the conventionally processed upcoming VSP data
for Shot 1 from the pre-injection Frio experiment after f-k and plotted
with a limited time and depth range near the target injection zone, b)
Shows the results from Daley et al. (2005, 2008) (Note the diﬀerent
color scale used).

74

Fig. A.2. a) Shows the conventionally processed upcoming VSP data
for Shot 1 from the post-injection Frio experiment after f-k and plotted
with a limited time and depth range near the target injection zone, b)
Shows the results from Daley et al. (2005, 2008) (Note the diﬀerent
color scale used).

75

Fig. A.3. a) Shows the diﬀerence plot for the conventional processing
performed here, b) Shows the diﬀerence waveﬁeld from Daley et al.
(2005, 2008) (Note the diﬀerent color scale used).
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APPENDIX B: GEOMETRIC SPREADING AND
ATTENUATION LOSS CORRECTION APPLIED TO THE
FRIO EXPERIMENT
A gain function can be derived to approximately correct the waveﬁeld for geometric
spreading and attenuation losses (Hardage, 2000)

g(t) = atn

(A.1)

where t is the recording time and a and n are constants. In order to estimate the
constants, the direct arrival waveﬁeld amplitudes are plotted with one-way traveltime. A power function is then ﬁtted to the ﬁrst arrival amplitudes. From this the
gain function coeﬃcients a and n can be determined. Fig. B.1 shows the amplitudes
of the ﬁrst arrivals with one-way travel-time. The amplitudes have been normalized
to unity at the starting oﬀset. Also shown in Fig. B.1 is the ﬁtted decay function
with an exponent -2.132. This can then be used to obtain a gain function with an
exponent of 2.132. The resulting gain function is then applied to the data in time
and the gain corrected waveﬁeld is shown in Fig. 2.7.
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Fig. A.1. First arrival amplitudes with time for Shot 1 z-component
VSP data from the pre-injection Frio experiment. The black dotes
represent the observed ﬁrst arrival amplitudes and the solid line represents the ﬁtted line.

